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Introduction 

Broadband noise pollution from dynamic machines, such as 

aerospace and vehicles, has led to a quest for broadband and 

compact passive noise-mitigating materials. Traditional 

sound-absorbing materials utilize viscous and heat 

dissipation to mitigate noise in higher frequency ranges 

within the audible range of 20-20,000 Hz. However, the 

efficacy of these materials is limited for low-frequency 

sounds due to the mass law, which necessitates a thicker 

material, making practical integration challenging. The 

advent of acoustic metamaterials has helped overcome these 

limitations by utilizing sub-wavelength structures such as 

decorated membrane resonators [1, 2], degenerate resonators 

[3], hybrid resonators [4-6], coiled Fabry-Perot [7,8], and 

Helmholtz resonators [8,9] to achieve low-frequency 

absorption. These structures primarily rely on resonance to 

dissipate the incoming sound that led to a narrow bandwidth 

which limits their application. To address this issue, 

researchers have employed periodic arrays of resonators 

with different resonance frequencies [9], inclusion of 

resonant structures in porous materials, and gradient coiled 

up structures [10-12]. Despite these innovations, the limited 

bandwidth, low stiffness, and strength of porous materials 

have made practical application and integration into dynamic 

structures challenging. 

 

Recent research by Duan et al. showed that a petal-shaped 

opening could enhance absorption bandwidth compared to 

conventional circular shapes [13]. Based on this fact, in this 

paper, we explore a variant of a frequency-independent 

antenna shape numerically, which leads to broadband sound 

absorption without altering the area of the resonator and 

resonance frequency. We consider the log-periodic planar 

toothed (LPPT) shape due to its complementary and self-

symmetrical nature. The result shows that LPPT enhances 

the absorption performance and bandwidth as a result of 

large surface area and improved viscous boundary layer. The 

absorption performance of the resonator is compared to its 

equivalent circular opening (HC), taking into account the air 

and porous medium in the backing cavity. We also 

investigate the effect of an extended neck of the LPPT 

(ELPPT) opening and the variation of its opening size on 

absorption performance. Finally, we compare our results to 

those of a conventional absorbing structure, demonstrating 

the superior absorption enhancement of the LPPT. 

Structural design and Numerical simulations 

The LPPT configuration can be defined by the ratio of the 

element radius 𝑅𝑛+1 𝑅𝑛⁄ , and the slot between the arms 

𝑟𝑛+1 𝑟𝑛⁄ , as illustrated in Figure 1a. To satisfy self-

complementary and symmetry conditions, we set angles 𝑆1 

and 𝑆2 to 450. We used COMSOL Multiphysics acoustic 

pressure domain to validate the absorption performance of 

the LPPT and HC, including their extended shapes, in the 

frequency range of 550 Hz to 3200 Hz. The LPPT and 

ELPPT openings, including their equivalent circular area, 

were modelled in the thermoviscous boundary layer domain. 

Periodic boundary conditions were applied in the y and z 

directions.  We considered two scenarios: with air and with a 

porous layer inside the backing cavity. Melamine foam with 

porosity 𝜀𝑝 , tortuosity 𝜏∞, flow resistivity  𝑅𝑓, viscous 

characteristic length 𝐿𝑣, and thermal characteristics length 

𝐿𝑡ℎ, and thermal characteristics length 𝐿𝑡ℎ, is studied in the 

poroacoustic domain using the Johnson-Champoux-Allard 

model [1]. A port boundary condition with a plane incident 

wave of 1 Pa was considered propagating to the right onto 

the metamaterial. To ensure calculation accuracy, we set the 

size of the free tetrahedral mesh to λ/22 with a minimum 

mesh element of 0.002 mm and extra finer mesh were 

applied at the narrow features of the proposed opening. In 

addition, we conducted numerical analysis by reducing the 

openings of ELPPT and EHC by 80 %, 60 %, 40 %, and 20 

%. The reflection coefficient is directly calculated from the 

acoustic scattering (𝑆11) available in the postprocessing 

variables of COMSOL. The absorption coefficient is 

calculated by 𝐴 = 1 − |𝑆11|
2. Velocity magnitude of 

particles at the opening boundaries were used to demonstrate 

the underlying mechanism of the proposed design. 

 

Figure 1: A two and three-dimension schematic 

representation of (a) LPPT opening with 0.2 cm neck length 

and ELPPT with a 3.2 cm length (b) an equivalent circular 

area with 1 cm radius and EHC with 3.2 cm length. 

Melamine foam with the following parameters is used: 

𝜀𝑝=0.95, 𝜏∞=1.42, 𝑅𝑓=8900, 𝐿𝑣=180 x10-6 m,  𝐿𝑡ℎ=360 

x10-6 m. 

Results and discussions 

The numerical simulation of the LPPT opening with air 

inside the backing cavity resulted in complete reflection 

within the given frequency ranges, as shown in Figure 2c. A 

peak is observed close to the resonance frequency of 2100 

Hz; however, the acoustic resistance of the neck is too weak 

to dissipate the incident wave. The absorption of the 

equivalent HC has similar performance to that of the LPPT, 

with complete reflection and a shifted resonance frequency 
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of 1900 Hz (as shown in Figure 2b). The shift in resonance 

frequency is due to approximation error in estimating the 

area and surface area of the LPPT as an equivalent circular 

area. When the opening area is reduced by a quarter, the 

frequency shifts to a lower value, and the absorption 

coefficient increases due to higher acoustic resistance (as 

shown in Figure 2a). The LPPT has more advantages than its 

equivalent HC because the slots in LPPT and large surface 

area lead to improved dissipation. We further investigated 

the LPPT opening and its equivalent HC filled with a porous 

material, and peaks appeared at 1650 Hz and 1450 Hz, 

respectively. Due to the viscous dissipation of the porous 

material and the shape of LPPT, higher absorption 

performance and bandwidth were observed, respectively. In 

terms of half bandwidth (Absorption >0.5), the LPPT 

performed better within the range of 850 Hz to 3050 Hz 

compared to its equivalent shape, which performed well in 

the range of 800 Hz to 2650 Hz. The use of LPPT resulted in 

an increased half bandwidth of 350 Hz due to additional 

viscous dissipation through the slots.

 
 

Figure 2: Comparison of absorption coefficient of LPPT 

and a quarter of LPPT opening (b) LPPT and HC opening 

with air and porous inside the backing cavity (c) ELPPT 

and quarter of ELPPT opening with air and porous inside 

the backing cavity (d) ELPPT with porous and air-filled 

backing cavity with an equivalent thickness of melamine 

foam.  

 

In addition, a study has been conducted on an extended 

LPPT (ELPPT) neck that incorporates both air and porous 

materials. As shown in Figure 2d, the resonant peaks of the 

ELPPT and its circular equivalent (EHC) are around 2500 

Hz for both openings with air inside the backing cavity. 

Further reducing the opening area by a quarter resulted in 

increased absorption for the air domain, while inclusion of a 

porous material exhibited lower absorption as shown in 

Figure 2c. A narrow opening with a substantial large surface 

area and neck length improved the absorption performance 

due to the mass of air resonating with a high-quality factor. 

On the contrary, inclusion of a porous medium in a quarter 

of the ELPPT opening showed a lower absorption coefficient 

due to the reduction of air mass in the neck caused by the 

viscous dissipation of the porous layer. However, the 

absorption performance of EHC exceeded that of ELPPT as 

shown in Figure 2c. This is due to weak dissipation near the 

subwavelength features of ELPPT as the boundary layer 

covers the opening areas [14]. Since EHC attained higher 

performance below 40% of the opening area, we further 

investigate the underlying mechanism for the low 

performance of LPPT, given its geometrical advantage over 

EHC. As shown in Figure 4a, the plot of velocity magnitude 

at opening boundaries of EHC became greater than that of 

LPPT, resulting in a higher absorption performance as 

shown in Figure 2c. The subwavelength dimension slots of 

ELPPT became covered with a viscous boundary layer, 

restricting the flow of particles and resulting in lower 

absorption performance as shown in Figure 4b. 

 

   
 

Figure 3: The effect of opening area variation by 80 %, 60 

%, 40 %, and 20 % of the original area of (a) EHC opening 

(b) ELPPT opening 

 

The absorption performance of ELPPT with opening areas of 

80%, 60%, and 40% showed a significant improvement 

compared to EHC, as shown in Figure 3b. However, 

reducing the opening area below 40% degraded the 

performance of ELPPT due to the narrow features becoming 

much smaller than the viscous boundary thickness. At 20% 

of the opening area, EHC and ELPPT achieved absorption 

coefficients of 0.9 and 0.7, respectively, with ELPPT 

attaining a broader bandwidth. 

 

Furthermore, an equivalent length of a porous layer with a 

rigid backing achieved a significant absorption coefficient 

and broad bandwidth, while the LPPT structure 

demonstrated a moderate bandwidth and a higher absorption 

coefficient, as depicted in Figure 1d. Unlike rigidly backed 

porous material, the ELPPT exhibited superior absorption 

performance with a small amount of porous material 

inclusion in a wide opening. As the area narrows down, the 

air medium performs better due to high acoustic resistance. 

Thus, LPPT surpasses conventional porous materials in 

terms of lower frequency performance for noise mitigation 

of dynamic machines without compromising their strength. 

 

 

 
Figure 4: Particle velocity magnitude (m/s) of a quarter (a) 

EHC and (b) ELPPT opening areas.   
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In general, the use of a self-complementary shape has shown 

superior performance compared to its equivalent circular 

opening. The weak absorption of the LPPT (original area) is 

attributed to its wide opening area, which results in lower 

acoustic resistance. However, through the inclusion of a 

porous layer, an improvement in bandwidth was clearly 

observed. Utilizing such structures with up to 40% opening 

area can improve absorption bandwidth and performance 

due to their larger surface area compared to circular 

openings. The results indicate a way to improve the 

absorption bandwidth of a resonator without altering its 

structural dimensions or surface area, making it appealing 

for applications, such as dynamic machines, that require 

broadband and higher absorption performance in the low and 

mid-frequencies. 
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